Abstract -Methodsfor predictingthe performanceof laser-trimmed film resistors taking into account the properties of the heat-affected zone (HAZ) are discussed. A figure of merit based npon a sensitivity fnnction called HAZ sensitivity, SHA z , is introduced which is useful for determining aging and temperature effects of an arbitrary film-resistor geometry with an arbitrary trim strategy.~H4 z is also shown to be useful in predicting performance of ratio-matched resistor structures. The proposed technique is incorporated in FIRE, a Fortran programfor analyzing arbitrary film structures with a given trim path. Examples using popular resistor geometries and trimming atgoritfnns illustrating the use of the suggested figure of merit are presented. The performances of these structures are compared quantitatively.
I. INTRODUCTION 
L
ASER TRIMMING of film resistors is an established process which allows manufacturers to very accurately control resistance values and resistor ratios [1]- [3] . Laser trimming is, however, an expensive processing step which significantly increases the production costs of integrated circuits from both trimming-cost and area-overhead viewpoints. Consequently, it is important to maximize benefits derivable in product performance once the investment in the laser-trimming step is made.
Ideally, nearly infinite resolution of resistance values is possible with appropriate geometrical trim structures using existing commercially available laser-trimming systems. The question of how precisely one can practically expect to control the characteristics of laser-trimmed circuits naturally arises. It is our feeling that the accuracy attainable with laser-trimmed structures should be ultimately determined by the noise floor in a process and that the major reason such precision is not currently realized is due to inadequate characterization of trim structures and the trim processes itself.
When characterizing a given trim structure, three important and interrelated points must be considered. Specifically, these are resistance determination, temperature effects, and aging. Manuscript received June 10, 1986; revised June 20, 1987 . This work was supported by Texas Instruments Incorporated.
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and Ohms law
J= onE (6)
where E is the position-dependent electric field, n (x, y ) is a unit vector normal to the boundary at the boundary point (x, y), VA is the potential at node A, VB is the potential at node B, Un is the normalized conductivity which relates to the sheet resistance R u by the expression 1 n=----Ra
0018-9200/87/1200-1177$01.00 @1987 IEEE and J is the current density per unit length. If y is any simple curve between Sz and Sd, the equivalent resistance is obtained from the line integral of J along y as indicated in the expression (8) where n~is a unit vector normal to y. Unfortunately, the laser trim itself causes heating and melting of the film material near the trim. This heating causes a change in the sheet resistance, the temperature coefficient of the resistance (TCR), and the aging characteristics in the zone adjacent to the trim, henceforth termed the heat-affected zone (HAZ). A trimmed rectangular resistor is shown in Fig. 2 along with the sheet resistance and TCR along the cross section C -C'. Since the sheet resistance is temperature dependent, the shape of the curve in Fig. 2 (b) will change with both ambient temperature and current flow due to self-heating effects. From Fig. 2 it should be apparent that the HAZ is not a well-defined region and the "width of the kerf," D, is also not well-defined. As a consequence, the sheet resistance Ra which was assumed constant in the initial field formulation now becomes position, temperature, time, and operating current dependent causing the conductivity to have the same variable dependence on (x, y, T,l, I) .
The last three parameters in this expression do not complicate the solution of the field equation but merely affect the numerical value of the solution. The spatially dependent parameters, however, cause significant complication of the field equation since the gradient of u~is not zero. As a consequence, Poisson's equation (1) must be replaced by
The remainder of (2)- (9) is held unchanged. At this point one might naturally ask whether it is necessary to develop analytic tools for characterizing trimmed film structures since current laser-trimming technology provides nearly infinite trim resolution and since one will ultimately be forced to utilize structures which contain the HAZ after trimming anyway. It is, however, generally agreed that some trim geometries are more stable after trim than others. The lack of good analytical tools has impeded the evolution of optimal geometric structures for laser-trimming applications.
A method to characterize and compare laser-trimmed film resistors is presented. A computer program for analyzing Film REsistors of arbitrary geometries and a positiondependent sheet resistance, which essentially solve the field equations (2)- (10), is discussed. This program, called FIRE, uses a simple numerical relaxation technique for determining current and voltage distributions throughout the film resistor. FIRE also obtains power distributions and has provisions for automatic characterization of the HAZ in any specified trim path. Beyond serving as a tool for characterizing film resistors, the program should prove useful in determining optimal film resistor geometries and in establishing good trim algorithms.
A figure of merit, S~~', is also introduced which is useful for predicting temperature effects and aging characteristics of arbitrarily shaped laser-trimmed film resistors. Such a figure is needed for designing trim structures with reduced sensitivity to the trim. Applications of the figure of merit in characterizing the performance of some commonly used film resistors are discussed. S~~z is also calculated directly in FIRE.
II. HEAT-AFFECTED ZONEEFFECTS
Trimmed film resistors (TFRs) show different performance with respect to aging and temperature variations than untrimmed resistors. In addition, the performance of TFR's is both trim path and geometry dependent [4]-[6] . It is desirable to keep the absolute and/or relative resistance changes due to aging and/or temperature variations as low as practically possible. In particular, these changes must stay within a predetermined performance window to maintain system specifications throughout the intended lifetime of the product.
A laser beam is commonly used to trim film resistors. During the trimming process, a region along the edge of the resultant laser cut is nonuniformly heated to very high temperatures by the laser beam but the temperature rise is not enough to vaporize the material. Part of the nonuniformity of the heating in the HAZ is due to the fact that the energy distribution in the laser beam is not uniform (see Fig. 3 ). The heat transfer characteristics of the film material and the bulk substrate also affect the temperature space-time profile of the HAZ. After cooling, this "heataffected zone" is characterized by physical properties which differ from the untrimmed portions of the resistor. Specifically, changes occur in the sheet resistance, temperature coefficient, and the aging behavior, as indicated in Fig, 2 , Neither the width of the HAZ W~nor the width of the laser kerf D as depicted in Fig. 2 is well defined. The changes in the sheet resistance from the nominal untrimmed value are most significant in a region of width WH adj scent to the kerf as indicated in Fig. 2 . From. an area viewpoint, the HAZ comprises only a few percent of the total film-resistor area after trimming; thus the characteristics of the HAZ are of concern primarily in high-precision applications.
Of even more interest than the percent of the total film-resistor area which lies inside the HAZ is the powerdensity-weighted area which lies inside the lIAZ. It will be shown later that a figure of merit based upon the power density in the HAZ is useful for predicting performance of trimmed-resistor structures.
There are two primary reasons why the power dissipated in the HAZ plays a major role in the performance of film resistors. First, most trim strategies indite "current crowding" near the tip of the trim: This can be seen easily from the plunge-trin# structure of Fig. 2(a) . Assume initially that the sheet resistance in the HAZ is the same as that of the untrimmed film and that a constant current 1 is applied to the resistor. A plot of the current density (current per unit length) along cross section F-F' is shown in Fig. 4 for varying plunge depths. It is apparent from the peaks in these curves that current is crowding near the tip of the trim.
The second reason the power density is of concern is due to the additional current crowding induced due to a decrease in the resistivit y in the HAZ, which is characteristic of laser trims [6] as was shown in Fig. 2(b) . Due to the decrease in resistivity, the current is "funneled," additionally, along the edge of the trim through the lower resistivity HAZ into the tip itself. The current density along F-F' is shown in Fig. 5 under the assumption that the 1 Thetermplungecutis oftenusedto denotea singfelineartrimwhich is perpendicularto"the geometrical boundarywherethe cut originates. resistivity can be approximated by the two-zone model of Fig. 6 with WH = 2 pm and Rnz = RQ1/4, where Rnl and R u~are the sheet resistances in the two zones shown in Fig. 6 . The significant increase in current density in the region where current crowding is causing problems already due to a decrease in the sheet resistance in the HAZ is apparent. A third factor which deserves mention is the self-heating in the HAZ due to the current crowding. This self-heating can make the resistance somewhat current level dependent (i.e., nonlinear) and may be a major failure inechfiism under large currents. It should be apparent that if the self-heating damages the film, the kerf depth will tend to grow and the degree of self-heating will increase with the kerf depth.
HI. EQUIVALENT CIRCUIT REPRESENTATION OF A FILM RESISTOR
Methods for solving the two-dimensional stationary field problem associated with the analysis of a film resistor are available [7] . One of these methods consists of subdividing the resistor structure into a large number of small elements (small enough to describe the resistor geometry with sufficient resolution). With this approach, a resistive circuit representation of the film resistor is obtained by replacing each square by the equivalent circuit shown in Fig. 7(b) . This analysis technique leads to an equivalent resistive circuit which contains a large number of nodes. For a fixed excitation, each nodal voltage approximately represents the potential at the corresponding position of each square. An iterative relaxation algorithm can be used to rapidly obtain the nodal voltage in the resistive network. Once the potential distribution of the TFR has been determined, the calculation of its overall resistance R can be easily accomplished by using the expression R=; s
where 1s is the current supplied by the fixed voltage source V~( Fig. 7(d) ). The relaxation algorithm is equally well suited for fixed sheet resistance and spatially dependent sheet resistance analyses. The program FIRE was written to find the nodal voltages at points inside the resistor. FIRE uses a numerical over-relaxation algorithm [7] . The film resistor is initially decomposed into a finite number M of orthogonally aligned
elemental squares. Each square is decomposed into the star connection of four resistors as shown in Fig. 7 (b) in which Ru represents the average position-dependent sheet resistance of the elemental square. The M squares are arbitrarily rank ordered. At the i th step in the iterative relaxation algorithm, the nodal voltage at the center of each internal square is updated in accord to the rank ordering at each step by the algorithm
where kl -k~(see Fig. 8 ) denote the four nodes adjacent to node k, g~l denotes the conductance between the nodes k andklforl=l,.
." ,4, and the iterative superscripts xl are defined by
Outputs from FIRE are the effective resistance of the resistor and plots showing the potential, current, and power density distribution throughout the structure. FIRE differs from other programs [9]- [13] for analyzing film resistors in the following ways: 1) die program works for nonhomogeneous as well as homogeneous films; 2) the program is structured to allow user-enterable trim paths with user-enterable characterization of the HAZ surrounding the trim path; and 3) the program calculates a figure of merit which is useful for the evaluation and comparison of trimmed film Iv.
structures.
DERIVATION OF A FIGURE OF MERIT FOR FILM-RESISTOREVALUATION

A. Sensitivity of Resistive Networks to Individual Elements
The effects of a singl~resistor on the overall resistance of a resistance network are investigated in this section. Consider initially the totally resistive one-port network NK excited with a dc voltage source Vs as shown in Fig. 9 From (14) and (15) expression dRin Pk R in --dRk = Pin Rk : (13) Hence from (16), (19), and (20) (2 (D) where I, and IX are the current entering into the port and SYR= : f P~SYRk. performance of a TFR. x~ĩ t follows that C.
Performance of Trimmed Film Resistors
Since the electrical characteristics of the HAZ differ
from those of the unaffected film, it is necessary to predict x Pin ' the effects of these differences on film-resistor perforwhere Pin and PX are the input power and the power dissipated in RX, respectively. This result is very useful in characterizing film resistors.
B. Ejjects of External Parameters on the Performance of Film Resistors
Consider now the change in a resistor R with respect to a parameter y such as temperature or aging. If we define a sensitivity function with respect to the parameter y by (16) it follows that fractional changes in R due to changes in y can be approximated by
Y=YO where yO is the nominal value of y. If y represents temperature, then conveniently yOwould equal the temperature at trim and SYRwould represent the temperature coefficient of R. If y represents time (aging), then yO wotild conveniently represent the date of the trim and SYR the "aging coefficient" of R.
It should be apparent from (17) that SYRserves as a figure of merit for evaluating the performance of film resistors and should be made as small as possible for trim stability. Consider now the input impedance of the network NK of Fig. 9 :
mance. The effects of the entire HAZ are investigated in this section. Assume that a film network is decomposed into a lumped approximating network of N geometrically identical resistors as indicated in the previous section. The resistor R k is position dependent. Its value is equal to the average sheet resistance at the location of resistor R k:
(2:2)
The sensitivity of Rin can be expressed in terms of the sheet resistance by ,,
Assume that after trim, the fi~m resistor can be decomposed into a zone that was affected by heating, termed tlhe HAZ, and an unaffected zone (the complement of HAZ, HAZ, in the geometrical sense relative to the trimmed resistor geometry). From (23), it can be observed that tlhe sensitivityy or R,. to the parameter y is the sum over all N resistors of the individual power-weighted sensitivities. It is useful to define the sensitivity of R in to the parameter y in a subregion by restricting the sum in (23) to the subregion. Since the HAZ is a subregion it follows that the sensitivity to the HAZ is expressed as
This serves as a figure of merit for characterizing tlhe HAZ-related performance of any trimmed film resistor.
Observe from (24) that: a) the power dissipated in tlhe HAZ directly affects the sensitivity; b) current crowding, which was previously shown to force additional current into the HAZ with typical trim geometries, further increases S~~z,~; c) the characteristics of the film in the HAZ, specifically the time and temperature characteristics of the sheet resistance, are of major concern.
In what follows, we will use a two-zone model to characterize a trimmed resistor, i.e., ( R u1 film material outside HAZ Rfl = R u z film material inside HAZ "
R u1 and Raz are assumed to characterize two geometrically homogeneous regions. (The justification for the twozone model is given later.) Rnl and R u may, however, have different dependence upon the parameter y. This characterization was depicted graphically in Fig. 6 . With this simplification, the sensitivity in (24) simplifies to a quantity that can be readily computed
If one compares two trim geometries on a common film, the coefficient
in (26) will remain invariant. Hence, the sensitivity of the two structures varies with the summed power dissipation in the HAZ which serves as a very simple figure of merit for comparing trim structures and trim algorithms. We define the HAZ sensitivity SHAZ by (27) where Pk is the power dissipation of the resistor R~and PH~~is the total power dissipated in the HAZ. SHAZ serves as a practical figure of merit for characterizing the effects of the HAZ. From (23) it can be shown that
The total percent change in R in can be readily obtained. It follows from (27) and (28) that
Equation (29a) can also be expressed in terms of environmental changes y -yO as follows:
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In (29) the first term in the right-hand side represents a common process-dependent change for all film resistors, trimmed or untrimmed, on a common film. The significance of the remaining term is discussed in the following section.
D. Effects of the HAZ on the Performance of Film Resistors
The overall error associated with laser trimming which has been neglected in most other analyses will now be determined. To identify these neglected errors, assume that the laser trim has infinite precision at the trim time and -Inhas been used to predict perfortemperature and that S mance under the assumption that the entire trimmed resistor has been characterized by Rnl of (25). This assumption may be rationalized since the characteristics of the HAZ are not well-known and since the amount of trimming required of a given resistor is not known prior to trimming. Define the error associated with neglecting the characteristics of the HAZ by the expression
where R,.~n, is the approximation of R,. obtained by neglecting' the change in film characteristics in the HAZ.
From (1~)
Rin=Rin ( 
It should be observed that SHAZ serves as a practical figure of merit for characterizing the effects of the HAZ. It is useful for comparing film geometries as well as trimming algorithms since all terms in (32) except SHAz are determined by the process and environment and hence are not controllable by the designer.
To determine the relative significance of the error associated with neglecting the HAZ, consider a numerical example where the variable y is temperature and T-To = 40°C. Assume S 'Az =10 percent and
It follows from (32) that E(t) = 0.04 percent. This becomes significant at the 1l-bit level.
It should be emphasized that E(y) in (32) represents only the incremental error associated with neglecting the HAZ. The overall error is larger and it is given by (29).
E. Ratio-Matching Performance of Trimmed Film Resistors
Of even more practical concern in many applications is the ratio-matching accuracy maintainable over time and temperature with laser-trimmed resistors. Assume that two resistors R~and R~are both trimmed to values RAT and R BT, so that the ratio at trim, R~T/RBT, is ro. Unfortunately, the ratio r does not remain constant with time and/or temperature. Hence, if we consider a single parameter dependence y we obtain
Let S~HAzand S#Az denote the fractional power dissipation (as defined by (27)) in HA ZA and HAZB, respectively. Assume both resistors are made of the same film material and characterized by the two-zone model with
A standard sensitivity analysis shows that
This equation is useful for predicting ratio accuracy. It should be noted that the designer has control of only the term SAHA z -SflA'. This can be minimized either by matching the two sensitivities or by making both simultaneously small. Although both approaches should be implemented simultaneously, processing variations ultimately limit the matching of these terms. Clever geometries and trim algorithms can be used to reduce the sensitivities themselves. An illustrated numerical example is given in Section V.
F. Suitability of Two-Zone Model for Characterization of Laser-Trimmed Films
Referring back' to Fig. 2(b) and Fig. 6 , "two questions naturally arise. First, is the two-zone model of sheet resistance, as depicted in Fig. 6 , justifiable for characterizing laser-trimmed film resistors? Second, if justifiable, how is the width of the HAZ selected? We will attempt to answer both questions simultaneously.
To answer these questions, consider the geometrical film resistor structure of Fig. 10 where it is assumed that a uniform vertical laser trim has been made in a homogeneous film. The sheet resistance along cross section C -C' will assume a functional form similar to that shown in Fig.  2(b) .
If we assume a constant voltage V. is applied to the ends of the film resistor as shown in the figure, it can be concluded, by symmetry, that the electric field is constant throughout the structure and oriented in the y direction with amplitude V./L. Also, by symmetry, the conductivity u. displays a horizontal dependence but no vertical dependence. Hence the current density J is also directed in the vertical direction throughout the structure and is given by
J=u~(x).E. (36)
Define the curve y to be any horizontal line of length W which bisects the film resistor as shown in the figure. From (6) and (8) '=J--::(WX which, in terms of the sheet resistance, .
From (39) it should be apparent that it is the integral of R~l(x) rather than R; l(x) itself which determines the resistance. It can thus be concluded that if one is working with the, geometries shown in Fig. 10 , it is not necessary to know the shape of Rn(x), only the integral is needed. This In the two-zone model of Fig. n(b) , the designer can randomly pick any two of the quantities D, WH, and R u2. These quantities are related by the expression
-
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Defining the TCR of any resistor by the expression
it follows that the TCR of Rll IR~, which represents the TCR of the film resistor and a quantity which can be measured, is given by
Hence, if we let TCRI be the TCR of the untrimmed film and TCR in (45) be the measured TCR of the test structure, then this equation can be solved for an equivalent W-independent TCR2 of the region characterized by Rn2. The values TCR1 and TCR2 can be used to determine ARDI and ARQ2 to characterize the temperature performance of an arbitrarily shaped, arbitrarily trimmed resistor using (29). An analogous derivation can be carried out to determine the aging performance of a TFR. It has been shown that this two-zone model is sufficient for characterizing the laser kerf from both a sheet resistance and TCR viewpoint in a W-independent manner. As far as choosing the parameters in the model, reasonable results have been obtained by selecting the kerf width D to be either the laser spot size or the geometric kerf width as determined from a microscope. The width of the HAZ Wh as been assumed to be D/2. None of these parameters is critical provided the trim structure is sufficiently large and the trim path does not create any very narrow regions of untrimmed material. When the dimensions of the untrimmed material, after trimming, approach those of the laser kerf width, the two-zone model will not be adequate.
V. EXAMPLES where R u1 corresponds to the sheet resistance of the material away from the kerf (R uo in Fig. n(b) ) and R •ĩ s the average sheet resistance along C -C', which is defined by
The model offers the advantage in that the TCR can also be modeled with the same two-zone decomposition in a W-independent manner. To see this, observe that the two-zone model is equivalent to decomposing the trimmed resistor into two shunt lumped resistors RI and R z, where
Examples are presented in this section which illustrate the use of S HA z for evaluating the effects of trimming on the performance of TFRs. The program FIRE was used in all simulations,
A. Comparison of Performance of Trimmed Structures
A comparison of several different trim algorithms will be considered in this section. This comparison will be restricted to a bar structure that has a 2:1 aspect ratio. Three different trim strategies for this structure will be compared. These are, specifically, a symmetric plunge, an L cut, and a multiple plunge strategy. For comparison purposes, all resistors in this simulation were arbitrarily trimmed to 200 percent of their initial value with a square 5 pm on a side "laser" spot. The FIRE simulation was based upon decomposition of the film into 800 squares. The trim path and relative power densities for each of these trim algorithms are shown in Fig. 12 assuming the same sheet resistance for the HAZ and for the untrimmed Fractional Power Dissipated in HAZ = 0.1515 x*x** xx*x*x******x*x x*x** ***xx* *** K**r*********** *******x*x* ***** ***** *K************%**********K**%*****7***f$ !37 8.a7 g.m 'a.aa a.98 G.99 D.09 B.Q9 B.@4 0.E4 @.C240.84 L3. Q5 !3.8S Q.E5 O W~, E6 0, 86 Q, @6 Q, @7 0, 07 E, L37 9, 98 E.t38 8, 98 E.L39 E.219 8, 89 E.E4 E.E4 9.04 E, E4 E.E4 0., 05 E.E5 E.@5 E.D6 0.86 @ 86~.07 E.97 O 08 0 08 E.Q8 B.@9 Q.L790.@9 @.L39 0.84 E.B4 Q.94 0.E4 E, 134 8.85 Q, ~5 L2, L3SE.96 G.E6 '2.96 0, 07 E.E7 E, E8 B, E8 L3, E8 E, '89 E.@9 @, 89 E.09 E.E4 @.'84 0.84 E.E4 0.E4 E.'84 @.'Es B.L35 a.as a.96 8.86 9.87 !3.137B.J88G.9E B.139 !3.99 L38E, @9 8.09 EI, lE @.18 E, 10 E.18 E.W 9.E4 12. @4 E.E4 E.w @.E4~.05 @.@5 E.E5 0.96 0.96 0.E7 0.07 u.Q8 0.08 @.~9 9.B9 G.09 E.l@ O.l Q 9 .94~.E4 @.Q4 0.Q4 8.94~. K Q.B5 L7, W5 8.8S L3.06 13.'J60.07 9,07 '3.'38 E.08 @.E9 E,E9 E,E9 i3 . E9 E,@9 8.04 E.E4 E.E4 E.E4 E.!34 8.E5 0.E5 0.85 0.06 9.86 !4.E6 E.'37 9.87 0.88 E.E8 0.08 8.'39 9.E9 @.99 9.99 Q.Q4 Q.B4 8.94 @.D4 9.E5 12.05E,05 !3.245 E.96 E,W5 0,06 E,E7 E.E7 8.97 E.E8 !4.L388.89 E,E9 E.@9 E.E9 8.E4 E.@4 @.E4 D.E4 E.E5 8.E5 '8.@S 9.L3S G.E6 @.@6~.'36 E.97 0.87 0.'37 @.L38 U.D8 9.B8 0.99 0.09 Q.09 x**x****xK****x* ***** w*x*******y***f *f**y********** ***x* ***** *K* FK*****r******i* x***rr*r*I****i* r*w*I* ******** material. Note that the single plunge has a maximum power density at the tip of the plunge which is 2.46 percent compared to a maximum of 0.92 percent for the "L trim" and 1.47 percent for the multiple plunge strategy. Since the trim lengths are considerably different, the fractional power dissipation in the HAZ, specifically SHAZ, is more useful for characterizing the trims. These sensitivities are compared in Table I for two cases: 1) assuming that the HAZ has the same sheet resistance of the untrimmed film, and 2) assuming that the sheet resistance of the HAZ is one half of the sheet resistance of the untrimmed material R u z = 0.5Ral. In both cases the width of the HAZ was assumed to be 5 pm. R can be observed that in both cases with the 200-percent trim, the L trim offers a modest reduction in sensitivity when compared to the plunge schemes and that SHAZ increases significantly for the case R = 0.5Ra1. Even though the L trim offers a reduction in=~he sensitivity SHAz in this example, it is premature to draw a general conclusion about optimal trim strategies.
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A comparison of the performance of trimmed bar resistors with other popular geometric structures is of interest. A top-hat resistor with an untrimmed resistance equivalent to the 2:1 bar resistor was also plunge trimmed to 200 percent of the initial value as depicted in Fig. 13 along with the relative power densities after trim. SHAZ for this structure was 0.1292, which is comparable to that obtained for trimming the bar resistors.
The amount of trimming required also significantly affects the SHAZ. For example, it can be shown that the 2:1 bar resistor trimmed to 150 percent of the initial value Fractional Power Dissipated in HAZ = 0.1142 X*X1* *xxI*xT******Ix* x***r**$*** ****l >**** +**** **** EI*****irIx** *ix* E**FItTi*f+ fTF*?**f ** fz*f*f**fx%*iff Y**** ******Ew****iE***%*****x******%x%x**x*xxxE%%****x* **xs***%**Fxx*x* *rx***x****%*** %********xi******x*F*%******% with a single symmetrical plunge cut results in a value of S~~z = 0.089 which is significantly less than experienced for the 200-percent trim.
B. Ratio Accuracy Limitations
FIRE can also be used to predict ratio accuracy limits. For comparison purposes, a 1:1 ratio requirement will be assumed. All resistors are nominal constant width bar "resistors. The TCR of the HAZ will be assumed equal to 200 ppm/°C and the TCR of the untrimmed film is assumed to be 100 ppm/°C. The nominal sheet resistance of the HAZ, R u 2,will be 0.75 Rnl where Rul is the nominal sheet resistance of the untrimmed film.
Two cases will be considered. In case 1, one resistor R1õ f dimensions 50X 100 pm2 will be fixed and a second R1~w ill be L trimmed to equal R,~.The initial value of RIw ill be assumed to be 0.7Rl~. RIBis assumed intentiona~y undersized to allow for process variations. In case 2, it will be assumed that RZ4 is 50x 100 pm2 and R2B k 50x 105 pm2 to account for a typical 5-percent mismatch due to processing. R *A will be initially trimmed with a 25-#m symmetric plunge and R *~will be L trimmed to match R2A.A 5-pm laser kerf and a 2.5-pm HAZ will be assumed. The geometric structures are depicted in Fig. 14 . The values of S~~z for the four resistors are shown in Table II along with Ar/r as obtained from (31) for the case that y is temperature with y -yO= 100"C.
The percent error in the ratio in cases 1 and 2 corresponds to 10 and 14 bits, respectively. These represent hard bounds on matching performance with these trim structures and trim algorithms. The difference in resolu- r**********K***********************i*x**xx******x* *x*****f******f****************i*** .l ined film structures.
Simple closed-form expressions for absolute resistor variations and matching performance for arbitrary trimmed films have been presented. These expressions are useful for determining hard bounds on the performance potential of a given film structure and trimming strategy. The performance of several different commonly used film structures was analyzed. These results showed that only modest differences in performance are experienced for changing from plunge to L-trimming strategies in bar resistors. The performance of a plunge-trimmed top hat was shown to be comparable to that of the trimmed bar resistors.
Finally, although the performance of the commonly used film structures and trimming algorithms were all seen to be comparable, it can be shown that some structures and/or trimming strategies can offer significant improvements over that attainable with the popular structures. These low-sensitivity structures are under investigation and will be reported in the near future.
